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ABSTRACT
Arsenic is a naturally occurring metalloid that can enter rivers and ground water.
Epidemiological studies have correlated arsenic exposure with adverse developmental
outcomes such as low birth weight, delays in the use of musculature, and altered
locomotor activity. Previously in our lab, embryonically exposed killifish (Fundulus
heteroclitus) were found to have changes in muscle development. Microarray analysis
showed several genes involved in muscle development and formation altered and
histological analysis showed an increase in small muscle fiber size. In this study, killifish
were used to help understand if changes in muscle formation and fiber density after
embryonic exposure persist, are exacerbated, or lessen during an arsenic exposure regime
typical of humans. Killifish embryos were exposed to concentrations of arsenic ranging
from 0-5000 ppb. Upon hatching the juveniles were split and transferred into either clean
water or continued receiving the same arsenic exposure. Samples were collected at 0, 2,
4, 8, and 16 weeks of juvenile development. Arsenic exposure resulted in significant
decreases in weight and lengths of both embryonic only exposed juveniles as well as
continuously exposed juveniles between 4 and 16 weeks of development at
concentrations as low at 800 ppb. An increase in small muscle fiber size was also seen in
a dose dependent manner for both groups of embryonic only and continuous exposures
between 4 and 16 weeks of juvenile development. Together these findings indicate that
low concentration arsenic exposure during just embryogenesis, or with a continuous
exposure throughout juvenile development, can lead to significant changes in growth and
muscle formation.
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OVERALL INTRODUCTION
Arsenic is a naturally occurring metalloid that is in the earth’s crust. The
weathering of rocks changes arsenic sulfide into trivalent arsenic, which can easily enter
rivers and ground water (Mandal 2002; Ohon 2007; WHO 2004). The acceptable limit of
arsenic according to the Environmental Protection Agency and the World Health
Organization is 10 ppb, however, there are still many areas in the world in which the
concentration of arsenic in drinking water exceeds this limit (Smedley 2002).
Arsenic also is produced as a by-product of fossil fuel combustion and pesticide
production and its high levels in soil are affecting many in East Asia, Europe and the
Americas (Kurosawa 2008). Inhalation of arsenic-contaminated dust in ore mines,
occupational exposure in the metal smelting and glass making industries, cigarette
smoke, and emissions from coal-burning power plants are other forms of arsenic
exposure that are of major health concerns (ATSDR 2007; Bode 2002; Tapio 2006; Yih
2002).
Arsenic is metabolized through a series of oxidations/reductions steps and can be
found it in both the trivalent and pentavalent state in mono-methylated, demethylated,
and trimethylated forms. The monomethyl trivalent state is considered the most toxic
(Hughes 2002). Even though there is not a known mechanism of arsenic toxicity, there
are some current hypothesis including: pentavalant arsenic may replace phosphate in
several biochemical reactions and the trivalent state of arsenic (inorganic or organic) may
react with necessary thiols inhibiting protein activity. Arsenic may also alter cell
proliferation, cause oxidative stress, and alter DNA methylation (Hughes 2002; Kessel
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2002).
In epidemiological studies, both acute and chronic exposure to arsenic has a
plethora of adverse effects on human health including lung, bladder, and skin cancer,
cardiovascular diseases, diabetes, developmental, reproductive, and neurological diseases
(Nucklos 2008; Mandal 2002; Mink 2009; Platanias 2009; Schuhmacher-Wolz 2009;
States 2009; Gebel 2001; Hughes 2002; Mink 2009; Nickson 1998; Rahman 2009; Tsai
2003; Tseng 2002).
The main route for large quantities of arsenic being released into the environment
include emissions from smelters, emissions from coal-fired plants, herbicide sprays,
insecticides, mine tailing runoffs, fungicides, algicides, wood preservatives, and growth
stimulants for plants and animals. The global production of arsenic is estimated at
100,000 tons a year while the natural weathering of rocks and soils adds 40,000 tons year
to the oceans. Arsenic is the 14th most common element in seawater. Wildlife can be
exposed to arsenic through the air or ingested via water or food, especially seafood
(Eisler 1998). The EPA limit for arsenic in the diet is 120 mg As/kg, or 6 to 10 mg/kg in
fish fresh. Arsenic is known to be elevated in marine organisms, as they can be exposed
from both seawater and their diet, and arsenic levels regularly exceed EPA limits in East
Asia. According to one study in Hong Kong using seafood captured in local waters or
purchased from retail markets found that 22% of finfish, 20% of bivalve mollusks, 67%
of gastropods, 29% of crabs, 21% of shrimp and prawns, and 100% of lobsters exceeded
the recommended levels of arsenic (Phillips 1982). Arsenic can be bioconcentrated by
several freshmater and marine organisms. Marine shellfish, mosses, fish, birds and
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mammals all moderately bioconcentrate arsenic. Bioconcentration levels are much higher
for mollusks, crustaceans, photoplankton, lower animals, and higher plants. It is
suggested that the bioconcentration factor for fish is 4. However, there is little research
known about its biomagnification in the food chain because of arsenic’s constant cycling
of forms by oxidation, reduction, and methylation during metabolism (Eisler 1998;
Rahman 2012).

Arsenic’s Developmental Toxicity
Literature studies indicate that even at safe levels of arsenic exposure, which is
less that 10 ppb, there could be a negative effect on human reproduction (Bloom 2010).
Animal experiments have detailed that arsenic is able to pass through the placenta,
exposing the fetus, and that the fetal liver retains significant amounts of the exposed
arsenic (Jin 2010; Xi 2010). This is confirmed by studies finding mean maternal As
concentrations of 6.8 +/- 0.58 µg/L and umbilical cord blood levels at 7.9 +/- 0.67 µg/L
(Soong 1991).
In utero, exposure has been linked to increased rates of stillbirths, neonatal
mortalities, preterm birth, spontaneous abortions and miscarriages in a dose responsive
manner (ATSDR 2007; Cherry 2008; Hopenhayn 2003; Llanos 2009; Milton 2005;
Rahman 2007, 2009; Vahter 2009; von Ehrenstein 2006; Watanabe 2003). Multiple
studies of school age children in Mexico (Calderón 2001; Rosado 2007), India (von
Ehrenstein 2007), Taiwan (Tsai 2003), Bangladesh (Wasserman 2007), and the United
States (Wright 2006) have found deficits in global and performance IQ as well as
children’s cognitive function due to high levels of arsenic in drinking water. There is
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also a significant decrease in birth weight, as well as head and chest circumference, from
in utero arsenic exposure (Rodriguez 2002; Hopenhayn 2003; Huyck 2007; Hill 2008;
Rahman 2009; Xi 2009). qPCR results of human embryoid bodies exposed to arsenic
(III) cause a significant down regulation of genes in all three germ layers, which could be
a reason behind the wide variety of organismal defects seen in response to arsenic
exposure (Flora 2009).

Arsenic and Developmental Effects in Fish
Fish embryonic development is influenced by heavy metals and metalloids, and
these effects include reduced swelling of the egg (reduced space for the developing
embryo), abnormal cleavage, blastula malformation, reduced metabolic rate, disturbed
organogenesis, body malformations, delayed hatching, premature hatching, reduced body
size, reduced viability and death (Jezierska 2008; Lugowska 2005).
The early embryonic period of development is one of the most sensitive to arsenic
toxicity. In zebrafish, arsenic exposure of 0.5-5mM resulted in delayed hatching, reduced
growth, and abnormal morphology of the neural and cardiac systems. This study also
found altered cell proliferation, hypomethylation and apoptosis in the tail region of the
fish during early embryogenesis at 24 hpf (hours post fertilization), as well as global
hypermethylation, which was associated with morphogenic abnormalities at 48hpf (Li
2008). In killifish whose parents were exposed to arsenic, tropomyosin, parvalbumin,
myosin light chain, and type II keratin transcripts were increased in the arsenic exposed
hatchlings (Gonzalez 2006).
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Adverse effects of arsenic on fish growth and reproduction have been seen in
wild-caught fish. For example, brown trout captured in the Presa Rive in Corsica, which
crosses an abandoned arsenic mine, showed a significant negative correlation between
arsenic concentrations and both body and gonad size compared to the reference Bravona
River (Foata 2009). Juvenile rainbow trout either exposed to sediments or fed
invertebrates collected from the mining tailing-contaminated Clark Fork River in
Montana had a significant reduction in growth at concentrations of arsenic from 26-77
µg/g body burden of arsenic concentration due to contamination in the river (Erickson
2010).
In laboratory experiments, zebrafish embryos exposed to arsenic concentrations
from 10 to 100 ppb for 24-48 hours showed differential expression of genes associated
with the immune response and cancer (Mattingly 2009). In another study examining the
immunological effects of arsenic in zebrafish, embryos exposed to 2 ppb and 10 ppb
arsenic had 50-fold increase in the viral load and a 17-fold increase in the bacterial load
in the embryos (Nayak 2007). In a study of Japanese medaka embryos exposed to arsenic
from fertilization to hatching, there decrease in hatching success to 86%, 75% and 54%
of the controls when the embryos were exposed to 25, 50 and 100 ppb, respectively.
Although there were no observable morphological abnormalities, the time it took to
hatching increased by four days for the 100 ppb exposure group (Ishaque 2004).
In vitro studies exposing Japanese eel testicular cells to concentrations of 0.1-100
µM arsenic for 6-10 days showed a dose dependent inhibition of hCG-induced germ cell
proliferation. The synthesis of 11-ketotestosterone by hCG induction was reduced at
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concentrations of 0.1 µM asrenic (7 ppb) which is lower than the EPA drinking water
quality acceptable limit of 10 ppb. This same study also found that concentrations of 0.11 µM significantly inhibited hCG-induced synthesis of progesterone from pregnenolone,
germ cells undergo apotosis at 100 µM, there was an increase in oxidative DNA damage
detected by 8-hydroxy-2'-deoxyguanosine at 100 µM. Taken together this data suggest
that low concentrations of arsenic could inhibit spermatogenesis by suppressing
steroidogenesis while higher doses of arsenic cause oxidative stress-mediated germ cell
apoptosis in testicular cells (Celino 2009). Overall these studies show that there could be
negative reproductive, immunologic, and developmental consequences of low
concentration arsenic exposure across several fish species.
Fundulus heteroclitus or killifish have been used in many embryology studies
because they are easily to culture, fertilization can occur in the laboratory, the chorion is
transparent giving a clear view of the developing embryo, and development is quick
giving us the ability to collect a large quantity of offspring and therefore have a larger
statistical power (Armstrong 1965). Specifically in killifish, heavy metals such as copper
and cadmium have been found to cause developmental malformations including
cardiovascular (underdevelopment of the heart, ventricle defects, inability to pump blood,
abnormal division, blood clots, hemorrhages, and no cardiac muscle present), skeletal,
and cranial malformations (eye fusion, cuclopia, acephalia, and under-development)
(Gonzalez 2010; Weis 1982). Killifish exposed to heavy metals also showed retarded
embryonic development most likely due to abnormal mitotic divisions (Perry 1988).
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Killifish habitats include brackish water along the eastern seaboard of the United
States and Canada. One of the killifish’s most notable qualities is its hardiness and ability
to withstand a wide range of toxins. Killifish are very tolerant of environmental changes
such as low oxygen levels, heavily polluted ecosystems, low or high salinity, and
temperature fluctuations from 6 °C to 35 °C. Killifish are an important food source for
other larger fish, wading birds, seabirds, and are used as live bait for fishermen. For some
bird populations, killifish can make up to 95% of their entire diet. Since one of the main
food sources for killifish are mosquito larvae, killifish are regularly used to stock ponds
that breed mosquitos. This is a very effective way to control mosquito populations
without using harmful pesticides (Eisler 1998; EOL 2012; Irwin 1997). If killifish are
found to be effected by low concentrations of arsenic, it could have a significant
ecological effect because of their key role in the estuarine ecosystem. Possible ecological
effects include death of embryos and juveniles, inhibition of growth, reduction in the
number of offspring, delay in offspring hatching, and decrease of survival fitness of
offspring. This could negatively affect the feeding behaviors of other organisms that
depend on killifish as a food source, or an increase in the mosquito population by
decreasing the number of one of their main predators. Possibly even more critical would
be this study’s relation to other species of fish. If there are negative effects from low
concentrations of arsenic to killifish offspring, other species of fish less adaptable to
environmental changes could potentially see the same or greater effects from similar
exposures.
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Skeletal Muscle Formation
Since arsenic exposure has been linked to changes in growth in both fish studies
and human epidemiological studies, our research, in part, focused on determining
whether arsenic would reduce skeletal muscle formation. Skeletal muscle is derived from
the paraxial mesoderm of the mesodermal layer of embryonic germ cells. During
embryogenesis, the paraxial mesoderm is divided into somites that span the length of the
embryo and correspond to the vertebral column and body segmentation. The myotome
section of the somite is where muscle development takes place. Myotome cells are
instructed by paracrine factors to become muscle by inducing them to produce MyoD
protein. The environment surrounding the lateral portion of the somite induces the
transcription factor Pax3. It is Pax3 that is responsible for activating the genes Myf5 and
MyoD, which are two muscle-specific transcription factors (Charge 2003). After
induction of Myf5 and/or MyoD mesodermal cells from the somite are fully committed to
becoming myoblasts.
Muscle progenitor cells called myoblasts migrate out of the somite following
chemical signals to form the skeletal muscle of the limbs of organisms. The proliferation
upon the presence of fibroblast growth factor and fusion of these myoblasts is what forms
muscle fibers. Calcium ions, metalloproteinases, myocyte enhancer factors (MEFs), and
serum response factors are necessary for the fusion stage of muscle development (Ticho
1996). Fusion is also mediated by cell membrane cadherins (Charlton 1997). Once the
myoblast leaves the cell cycle it begins muscle cell fusion, which leads to a mature
muscle fiber. This happens when fibroblast growth factors are depleted and causes the
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myoblasts to stop dividing and therefore stops muscle development (Myogenesis 2012).
These cells are now termed terminally differentiated myocytes and express myogenic
regulatory factors, Myogenin, myosin heavy chain, myosin light chain, and muscle
creatine kinase. After development, skeletal muscle is a stable tissue with multinucleated
postmitotic muscle cells and no more than 1-2% myonuclei turnover per week (Charge
2003; Johnson 1999).
The myotome of adult teleost fish is made up of two separate areas of deep fast
muscle fibers surrounded by a superficial later of slow fibers. Often there is a small layer
of intermediate fibers separating these two distinct areas. The embryonic formation of the
superficial slow muscle fibers involves the lateral migration of adaxial cells surrounding
the notochord. These cells move from the deep region of the myotome to the superficial
lateral surface. In contrast, the fast muscle fibers derive from lateral presomitic cells that
do not contact the notochord and do not migrate (Stoiber 1998). The adaxial cells
adjacent to the notochord are the first to express MyoD and specific myosin heavy chains
(MHC). These initial cells move to the border of the somite where they form the
embryonic slow muscle fibers in zebrafish. The fast muscle fibers then develop in the
cells lateral to these adaxial cells. Sonic hedgehog (Shh) signaling is critical for the early
formation of these adaxial cells that will eventually become slow muscle fibers (Borycki
2000). Shh induces the Ptc gene that controls a multipass membrane-spanning protein
and it has been shown that zebrafish lacking this regulation have a 99% reduction in slow
muscle fibers (Barresi 2000).
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In adult mice it seems that the same transcriptions factors are used to specify fast
or slow muscle fiber types. MyoD, Myf5, myogenin, MHC, MLC, and MRFs are all
used in development of fibers but it is the selective accumulation and ratio of the
different transcripts that affects fiber characteristic. For example, MyoD transcript is
greater in fast twitch muscles while myogenin transcripts are greater in slow twitch
muscle (Hughes 1993; Voytik 1993). In the mouse embryo Myf5 and MyoD are
differentially expressed in different populations of myogenic precursor cell populations
but there is no evidence yet that they correspond to different myogenic lineages of fiber
types (Kronnie 2002).
Slow muscle fibers usually constitute less than 10% of the total musculature, are
smaller in diameter, almost entirely aerobic, and are specialized for low speed cruising or
sustained energy efficient swimming. Fast muscle fibers constitute more than 70% of the
total skeletal muscle, have the largest fiber diameter, metabolism is mostly anaerobic, and
are used for short bursts of maximum speed or at high swimming speeds (Chauvigné
2005). Therefore a shift from large to small muscle fiber diameters could mean a change
in the composition of fast and slow isoforms of muscle. It is possible to identify these
different types of muscle by their histochemical properties.
Upon hatching of teleost fish, it is known that both types of isoforms for fast and
slow muscles for myosin, troponin, myosin binding protein C, and tropomyosin are
expressed in deep fast muscle areas along with slow superficial muscle areas (Chauvigné
2005). Following hatching and during the initial stages of myotome expansion is when
the fast and slow isoforms separate, and progressively the slow isoforms are concentrated
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and uniformly express in the superficial slow fibers and fast isoforms are similarly
isolated in the deep fast fibers (Xu 2000; Hall 2003). In adult fish, the total mass of
skeletal muscle makes up 40-60% of a fishes total body mass (Johnston 1982). A
reorganization of oxidative metabolism gene transcripts such as citrate synthase,
cytochrome oxidase component IV and succinate dehydrogenase can also be seen in the
developing musculature. Initially upon hatching since the metabolism of embryos is
mostly aerobic, transcripts from these genes can be seen throughout the myotome.
However during juvenile maturation of the myotome, the transcripts of aerobic
metabolism genes concentrate to the slow muscle fibers and transcripts for anaerobic
metabolism begin to be seen in the deep fast muscle fibers (Chauvigné 2005).
After embryonic myogenesis, the myotome is expanded by the recruitment of new
muscle fibers to germinal zones (Chauvigné 2005). Muscle regeneration upon injury is
characterized by the activation of myogenic cells to divide, differentiate, and then fuse to
damaged or newly formed fibers. Fibers that are in the process of regeneration can be
characterized by small diameter and centrally placed myonuclei (Charge 2003). Muscle
regeneration in adults begins with the necrosis of the damaged fibers, which results in
increased myofiber permeability, increased serum level of muscle proteins like creatine
kinase, and increased calcium influx (Coulton 1988; Nicholson 1979; Percy 1979).
Calpains are proteases that cleave the myofibers so that they can undergo focal or
complete autolysis. The early phase of muscle injury is accompanied by the activation of
inflammatory cells and myogenic cells such as neutrophils and macrophages (Orimo
1991).
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The next stage of muscle repair is the regeneration stage. Satellite cells are
critical in this stage and are believed to be a unique subpopulation of cells that during
development fail to differentiate but remain associated with the surface of the muscle
fiber (Charge 2003). Satellite cells are a distinct population as early as the mid-fetal stage
(E12-13) in avian development, during the 10th-14th week of human development, and
around E17.5 in mouse development (Cossu 1985; Feldman 1992; Hartley 1992). The
number of satellite cells also differs between types of muscle and different muscle fiber
types. For examples, in the adult soleus muscle, the number of satellite cells is 2-3 fold
higher than in adult tibialis anterior or extensor digitorum longus muscle due to
differences in location and function of the specific muscle. The soleus muscle is in the
back of the calf and is more powerful than the tibialis and digitorum, which are
associated with the shin and foot. Similarly, higher numbers of satellite cells are
associated with slow muscle fibers compared to fast muscle fibers in the same muscle,
and appears to correspond to their growth demands (Gibson 1982). Satellite cell numbers
also decrease over time. After postnatal muscle growth, there is a sharp decrease in the
number of satellite cells followed by a more gradual decrease with age (Gibson 1983).
During regeneration, some of the newly formed myoblasts fail to differentiate again in
order to replenish the satellite cell pool for future repair (Schultz 1996). In addition to
satellite cells alone, in vitro and in vivo experiments have highlighted the possible role for
multiple growth factors including FGF, transforming growth factor-β (TGF-β), insulinlike growth factor (IGF), hepatocyte growth factor (HGF), tumor necrosis factor-α (TNFα), interleukin-6 (IL-6), neural-derived factors, nitric oxide, and ATP which are necessary
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in maintaining a balance between growth and differentiation of satellite cells in order to
restore the normal structure of the muscle (Charge 2003; Johnson 1999).
Pax7 expression is essential for expansion of this satellite cell population during
development. Pax7 is closely related to the key transcription factor of somatic
myogenesis, Pax3, and shows overlapping expression patterns during myogenesis
(Goulding 1991). Pax7 mRNA is highest during proliferating satellite cells and is rapidly
downregulated upon myogenic differentiation (Blau 1985; Yaffe 1997). The importance
on Pax7 in muscle regeneration is highlighted in analysis of Pax7 -/- mice. These mutant
mice appear normal at birth, but fail to grow and have a 50% reduction in body weight by
7 days of age and die at about 2 weeks after birth. The phenotype of these mice include a
decreased skeletal muscle mass due to a reduction in fiber size, but not a decrease in fiber
number (Mansouri 1996; Seale 2000). Pax7 -/- mice are also missing satellite cells,
implicating that Pax7 is required for satellite cell development and therefore muscle
regeneration (Charge 2003).
Muscle growth in fish is different from mammals. In mammalian muscle
development, the post-natal growth only involves the hypertrophy of fibers that were
formed before birth (Schmalbruch 2000; Greer-Walker 1970; Stickland 1983). However,
in fish muscle, although the majority of the increase in body size that a fish experiences
between hatching and maturity is attributed to hypertrophy, recruitment of new fibers
does continue throughout life (Koumans 1994; Johnston 1995; Rowlerson 1995). For
example, the Atlantic salmon has around 5000 white muscle fibers at hatching, 180,000
at smoltification, and over 1,000,000 at its largest body mass recruitment of new fibers
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and hypertrophy continues throughout life (Weatherley 1988). For fish of smaller body
sizes such as zebrafish, post-larval fiber recruitment is less drastic (Johnson 1999).

Arsenic Impacts the Developing Musculature
Arsenic’s effects on embryogenesis and development extend beyond reproductive
effects. Epidemiological studies find decreases in birth weight and body sizes during
post-natal growth in response to arsenic exposure (Rahman 2009), which could be linked
to decreases in muscle development. In order to study changes in the muscle
development, Gaworecki (2012) examined killifish hatchlings exposed to arsenic and
found a significant reduction in average muscle fiber size compared to controls.
Similarly, Cheng (2003) found that cadmium exposure altered the axial curvature of
zebrafish by causing disorderly packing in myotomes of the somites. The critical period
found in this study occurred before somitogenesis and was in the gastrulation period and
resulted in this abnormal defect in axonogenesis. It was also found that there was a loss
of both slow and fast muscle fibers in the myotomes, abnormal notochord morphological
features, and failure for the notochord to extend to the tail region of zebrafish exposed to
cadmium (Chow 2003).
In one study, arsenic exposure to C2C12 mouse myoblast cells dose-dependently
inhibited myogenic differentiation, decreased phosphorylation of Akt and p70s6k
proteins which are important to myogenic differentiation, and inhibited myotube
formation. The arsenic exposure also inhibited muscle regeneration in mice after local
glycerol injection by suppressing myogenin expression and Akt phosphorylation (Yen
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2010). Rats exposed to arsenic showed reduced locomotor activity and induced enhanced
contractile and reduced relaxant responses compared to controls (Bardullas 2009; Gur
2005; Li 2009; Rodriguez 2001). Delayed myoblast differentiation, reduced number of
multinucleated myotubes, and decreased expression of the transcription factor myogenin,
which converts myoblasts to myotubes, was seen in arsenic exposed C2C12 mouse
myoblast cells (Steffens 2011; Yen 2010).
Myogenin is necessary for skeletal muscle development, survival to birth, and
infant growth. Myogenin knockout mice at birth have smaller muscle fiber diameters and
are on average 30% smaller than control mice. This suggests that myogenin deletion
disrupts body growth (Knapp 2006; Meadows 2008). Usually large fibers are indicative
of fast twitch muscles while smaller muscle fibers are indicative of slow twitch fibers.
The decreased body size of arsenic exposed infants and their resultant altered locomotor
activity could be a result of reduced muscle development due to smaller muscle fiber
size. Microarray data of embryonically-exposed mummichog hatchlings shows
alterations in gene transcription of troponin, capping protein Z, and the sarcoplasmic
reticulum calcium-transporting ATPase pump (Gaworecki 2012). Other studies have also
shown that muscle-related gene expression changes are a common affect of arsenic
exposure (Lencinas 2010). In several transplacental rodent studies, arsenic has been
found to suppress the Igf signaling pathway which is important in muscle hypertrophy (Li
2006).
In killifish, Gaworecki (2012) found that embryonic exposure of 25 ppm arsenite
significantly decreased in the number of large muscle fibers in the fish hatchlings.
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Similarly, other studies on pigs have shown that there is an increase in the number of
slow muscle fibers of animals with low birth weights (Handel 1987). The decreased body
size of arsenic exposed offspring could be the result of a shift to smaller muscle fiber
size.
Since our laboratory has previously shown delay myoblast differentiation,
reductions in myogenin transcripts during early development, and reduction in muscle
fiber size, we wanted to determine whether arsenic’s effects on muscle development took
place only during embryogenesis, or whether continuous exposure would produce muscle
defects that would persist, be exacerbated, or would resolve over time. Thus, to model
the effects of arsenic on human development, we continuously exposed killifish to
arsenic from embryos to the late juvenile stage to mimic a drinking water exposure. The
goal of this study is to help address whether changes in muscle formation and fiber
density from arsenic exposure persist, are exacerbated, or lessen during an exposure
regime typical of humans and, if so, to determine whether arsenic also reduces weight
and impairs physiology in exposed juveniles.
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Arsenic Negatively Affects Fundulus Heteroclitus by Decreasing Offspring
Size and Reducing the Density and Diameter of Muscle Fibers.
ABSTRACT
Arsenic is a naturally occurring metalloid that can easily contaminate drinking
ground water. Epidemiological studies have correlated arsenic exposure with adverse
developmental outcomes such as low birth length and weight, altered musculature, and
decreased locomotor activity. Our laboratory has previously shown that killifish
(Fundulus heteroclitus) exposed to arsenic as embryos had significant changes in muscle
development, including altered muscle-related gene expression and an increase in small
muscle fiber size without a change in muscle fiber density. To discover the effects of
arsenic of an exposure regime typical of human, we performed a continuous embryonic
and juvenile arsenic exposure. Conducing this study allowed us to see if the changes seen
in the embryonic only exposure study persisted, were exacerbated, or lessened. Briefly,
killifish embryos were exposed to concentrations of arsenic ranging from 0-5000ppb and
upon hatching were split and transferred into either clean water or continued receiving
the same arsenic exposure. Samples were collected a select time points until 16 weeks of
development. We found a significant decrease in both weight and lengths of embryonic
only exposed juveniles as well as continuously exposed juveniles between 4 and 16
weeks of development at concentrations as low at 800 ppb arsenite. Both embryonic only
and continuous exposures between 8 and 16 weeks of juvenile development showed
decreases in fiber density while both embryonic only and continuous exposures showed
increases in small muscle fiber size in a dose dependent manner at 4 and 16 weeks.
However at 16 weeks even though there was a reduction in muscle fiber density for the
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continuous and embryonic only exposures there was some recovery in muscle fiber size
at 800 and 2000 ppb in the embryonic only treatment groups. These results show that low
concentrations of arsenic during both embryogenesis and juvenile development have
significant effects on muscle formation and offspring growth.

INTRODUCTION
It has been estimated that over 100 million people worldwide are chronically
exposed to contaminated water with high levels of arsenic (National Research Council
2001). The acceptable limit of arsenic in drinking water is 10 ppb, according to the EPA
and WHO, however, there are still many areas in the world in which the concentration of
arsenic in drinking water exceeds this limit (Smedley 2002). In Bangladesh alone in
1998, it was found that 57 million people were exposed to drinking water containing
arsenic above the recommended level (Abul 2001). In the United States, EPA studies
conducted from 2003-2006 indicate that there are numerous aquifers that still have
arsenic concentrations above 10 ppb (WHO 2004).
Chronic exposure to arsenic has been associated with a variety of adult-onset
diseases, such as skin, lung, and bladder cancer, cardiovascular diseases, dermal changes,
diabetes, developmental, reproductive, immunologic and neurological diseases (Nucklos
2008; Mandal 2002; Mink 2009; Platanias, 2009; Gebel 2001; Hughes 2002; Mink 2009;
Nickson 1998; Rahman 2009; Tseng 2002). In utero, chronic exposure has been linked to
increased rates of stillbirths, neonatal mortalities, preterm birth, spontaneous abortions
and miscarriages in a dose responsive manner (ATSDR 2007; Cherry 2008; Hopenhayn
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2003; Llanos 2009; Milton 2005; Rahman 2007, 2009; Vahter 2009; von Ehrenstein
2006; Watanabe 2003). Human studies suggest that there is reduced birth weight in
newborns as a result of arsenic exposure in drinking water at levels of <50 µg/L (Hill
2008; Hopenhayn 2003; Rodriguez 2002; Xi 2009; Huyck 2007; Rahman 2009) and a
reduction in weight gain during early childhood (Vahter 2012). Multiple studies of
school age children in Mexico, India, Taiwan, Bangladesh, and the United States have
reported that arsenic exposure due to contaminated water was related to deficits in
children’s cognitive function, global and performance IQ (Calderón 2001; Rosado 2007;
von Ehrenstein 2007; Tsai 2003; Wasserman 2007; Wright 2006). It has been shown in
animal experiments that arsenic can pass through the placenta, exposing the fetus, and
significant amounts of arsenic are retained in the fetal liver after birth (Hanlon 1977; Xie
2007).
Even though the WHO and the ATSDR consider arsenic the number one
substance of concern, the molecular mechanism of arsenic’s toxicity, particularly towards
the developing embryo, remains largely unclear. Researching the developmental effects
of arsenic is a priority because children, infants, and fetuses are considered a very
susceptible subpopulation for environmental chemicals such as arsenic. Killifish are
extensively used for developmental research because the embryos are large, the chorion
is transparent, development occurs in approximately 14 days, and large numbers of
offspring can be obtained to increase statistical power (Armstrong 1965).
The early embryonic period is one of the most sensitive to arsenic toxicity.
Exposure to arsenic during development altered spontaneous locomotor activity in mice
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(Rodriguez 2002) and in humans, delays in walking ability of infants, distal limb
weakness and atrophy occur after embryonic exposure (Dakeishi 2006; Mukherjee 2003).
Human embryoid bodies exposed to arsenite resulted in a significant down regulation of
genes in all three germ layers (Xie 2007). Gaworecki (2012) showed that there was a
significant reduction in average muscle fiber size in killifish at 7 months of age when
they were embryonically-exposed to arsenic. To better determine arsenite’s effects on
muscle development, we wanted to expose killifish during both the embryonic and
juvenile stages, which would mimic a typical human exposure. The goal of this study is
to help address whether changes in muscle formation and fiber density after embryonic
exposure persist, are exacerbated, or lessen during an exposure regime typical of humans
and, if so, what this may mean in terms of weight and physiological outcome.

METHODS
Killifish culture. Adult killifish (Fundulus heteroclitus) were collected from the North
Inlet-Winyah Bay National Estuarine Research Reserve using minnow traps at the full
moon and transported to Clemson University where they were allowed to acclimatize for
at least 2 weeks. Fish were maintained at 26°C with a 16:8 light:dark cycle in 18 ppt
seawater (Georgetown, SC) and fed TetraMin flake food (Blacksburg, VA) daily. Water
renewals (80%) were performed three times weekly.

Pilot study to determine the appropriate arsenite concentrations. From our previous
embryonic studies, we determined that embryonic exposures up to 25 ppm did not alter
weight or length of the hatchlings (Gaworecki 2012). To determine the appropriate
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exposure concentrations for the juveniles, a juvenile-only pilot study was conducted with
arsenic concentrations ranging from 0-5,000 ppb, using sodium arsenite. These
concentrations were chosen from information in the ECOTOX database, which indicated
that the 29 day LOEC for weight and length was 4,300 ppb, while at 16,500 ppb, there
was decreased survival (Lima 1984). Since mummichogs are lunar spawners, eggs were
collected over 3 days at the new or full moon by stripping the female. Milt was obtained
from the males after euthanization by MS222. Eggs were fertilized within 20 minutes of
collection, and were allowed to grow and hatch out in Petri dishes. Upon hatching,
juvenile were randomly divided into seven tanks per treatment group (0, 100, 250, 500,
750, 1500, 3000, and 5000 ppb As). The juveniles were monitored daily for mortality,
and then half were collected at 2 weeks and the remaining half at 4 weeks of
development. Water renewals were conducted three times weekly and hatchlings were
feed brine shrimp daily. Since no changes in mortality were seen at 2 or 4 weeks, arsenic
concentrations of 800, 2000, and 5000 ppb were chosen for the full continuous exposure
study.

Exposure of embryonic and juvenile killifish to arsenite. Eggs were collected and
fertilized as described above. Fertilized eggs were divided into Petri dishes containing
~200 eggs and immediately cultured in 0, 800, 2000, or 5000 ppb arsenic as sodium
arsenite (n =7). Test water was renewed daily and the number of surviving embryos and
the number of hatchings was recorded daily. Hatching was controlled by gently shaking
the Petri dishes on a shaking table for 1 hour a day.
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The hatchlings from each Petri dish were collected and split evenly, with half of
the hatchlings being transferred into clean water (termed ‘embryonic only’ exposure) and
the other half maintained in same arsenic concentration that they were exposed to during
the embryonic period (termed ‘continuous exposure’). All juvenile exposures took place
in 5 gallon buckets, water was renewal three times a week, and fish were feed daily
(initially with brine shrimp and then switched to Tetramin flakes after 4 weeks). Twenty
fish were euthanized in 1g/L buffered MS-222 at each of the selected time points of 0, 4,
8, and 16 weeks of development. Swimming behavior was assessed immediately prior to
euthanasia. Weights and lengths were measured and then the fish were stored either in
formalin solution at 4oC for histology analysis, or were frozen and stored at -80oC for
body burden analysis.

Body burdens of arsenite. Three fish from each of the 16 week continuous exposure
groups (0, 800, 2000, and 5000 ppb) were dried for 7 days in a 100oC oven. The dry
weights were measured, and then the fish were microwave digested in 25% HNO3. The
arsenic concentrations were analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES) (with a detection wavelength of 189.04 nm) with a detection
limit of 10 ppb.

Determining muscle fiber density and size distribution. Juvenile fish (n=7) were fixed
in 4% formalin, stepwise dehydrated in ethanol, and embedded in paraffin blocks. Blocks
were sectioned at 5 µm and stained with hematoxylin and eosin. Pictures of muscle cross-
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sections were taken from the trunk directly behind the dorsal fin to determine muscle
fiber density and diameter. Muscle area for the upper left quadrant of the fish section
was measured using Image J Software (National Institutes of Health), and did not include
skin, neural tube or the notochord. The number of individual fibers were counted and
divided by the muscle area to determine their density and are expressed as the number of
fibers per mm2. Muscle fiber diameters were calculated by dividing the image field into a
90 x 90 pixel grid. Two fibers per grid section for the upper left quadrant were measured
to obtain a representative distribution of muscle diameter size (n=~200 fibers total
measured per fish). Diameter was converted from pixels to µm by using the formula
(µm=pixels-1.1553/2916) based upon the linear correlation of an image of a ruler (mm)
and the number of pixels corresponding to that length.

Swimming activity. Changes in swimming activity were assessed to see if arsenite
exposure altered locomotion. Fish were placed in a 5 gallon tank that had an equal area
(1in x 1in) segmented grid placed underneath the tank. Water in the tank was only filled
deep enough (~2 inches) to allow for horizontal movement. The tank was placed beneath
a light and movement was recorded by camera at 720 frames per minute. Two individual
fish per replicate were randomly tested (n=14). Each fish was allowed a two-minute
acclimation period in the tank followed by three one-minute trials with 30-second breaks
between trials. The number of times the eyes of the fish crossed a line was recorded, and
swimming activity was reported as grid crosses per minute.
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Statistical analysis. All statistical analysis including averages and standard deviations
was done using Excel and statistical significance was determined by ANOVA followed
by Tukey’s post-hoc test (p<0.05).

RESULTS
Effects of Arsenic on Hatching Success and Growth
A pilot study was conducted to determine the appropriate arsenic concentrations
for juvenile exposures using 7 different concentrations of arsenite. Exposure
concentrations up to 5000 ppb arsenite for 4 weeks did not significantly affect fish
mortality (Table 1). After two weeks of age, there were no significant differences in the
weight and length of the exposed juveniles compared to controls. However, at four
weeks of age, a statistically significant reduction in weight occurred starting at 250 ppb
and a significantly reduction in length occurred at concentrations as low as 750 ppb,
although it was not significant at 1500 ppb (Table 1). In a previous study exposing
killifish embryos to arsenic, it was found that concentrations of 5000, 15000 and 25000
ppb arsenite did not significantly alter mortality, hatching success, or condition factor of
the hatchlings (Gaworecki 2011). Thus, concentrations of 0, 800, 2000, and 5000 ppb
arsenite were selected to conduct the continuous exposure study.
In the full study, embryos were exposed to 0, 800, 2000, or 5000 ppb arsenite.
Upon hatching, they were divided such that half of the fish in a given group would be
continue to be exposed at the same concentration of arsenite throughout their lives, while
the other half would be grown out in clean water. Hatching success was overall not
statistically significantly reduced at 800ppb exposure, with 84% of controls and 82% of
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800ppb exposed embryos hatching (Figure 1A). However, the percentage of hatched
embryos was significantly reduced to 77% and 65% in the 2000 and 5000 ppb arsenite
concentrations, respectively (Figure 1A). Over the entire 16 week period of the study,
juvenile mortality was also assessed in both the groups continuously grown in water
containing arsenite (continuous exposure), and those exposed only as embryos and then
grown out in clean water (embryonic only exposure). There was a significant increase in
cumulative mortality in the continuous exposure group, with 2% in the controls, 4% in
the 800ppb, 6% in the 2000 ppb, and 12% in the 5000 ppb groups. Although the fish
exposed embryonically to 5000ppb had a significant increase in cumulative mortality
compared to the controls, those embryonically exposed to 800 or 2000 ppb did not
(Figure 1B).
Changes in weight and length were also determined over the course of the 16
week study. After hatching and 2 weeks of grow out, there were no significant
differences between the groups. Starting at 4 weeks after hatching, only the continuously
exposed fish from all 3 arsenite concentrations had significant reductions in both weight
and length (Figure 2). However, beginning at 8 weeks of development and continuing to
16 weeks of development, even the embryonic only exposure significantly decreased
weights and lengths of fish from all three arsenic concentrations (Figure 2). At 16 weeks
of age, the embryonic only exposed fish were 8 to 13% smaller than controls and
weighed 11 to 17% less than controls (Figure 2). Together, the data shows that even with
embryonic-only exposure to concentrations as low as 800ppb arsenite, growth of the
developing juvenile fish is reduced.
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Arsenic body burdens were determined in the 16 week old continuously-exposed
juveniles. Control fish had arsenic concentrations of 0.42 µg/g wet weight, while the 800,
2000, and 5000 ppb groups had 2.6, 4.7, and 5.4 µg/g arsenic, respectively (Figure 3).
Similarly, other arsenic body burden samples in killifish have found whole body dry
weight to be 7.5 µg/g when fish were exposed to 7940 ppb arsenic and liver wet weight to
be 6.5 µg/g at 7870 ppb (Bears 2006: Shaw 2007). In mouse pups exposed in utero to 40
ppm arsenite the liver dry weight measured 200 ng/g (Markowski 2011). Previously in
our lab the embryonic only exposure test at 5000 ppb produced hatchlings with 7.8 µg/g
arsenic body burdens and the juvenile only exposure test at 5000 ppb produced juveniles
with 2.14 µg/g arsenic body burdens. The juvenile only body burden on 2.14 µg/g arsenic
is a little low however upon testing of the treatment water it was found that the actual
concentration of arsenic exposure was closer to 2500 ppb. These body burden numbers
are similar and comparable to what has been found in previous studies.

Arsenic Alters Muscle Fiber Diameter and Density
Since arsenic exposure during embryogenesis reduced growth in 16 week old fish,
and it has been found to alter muscle development during embryogenesis, or during
myogenesis using cells in culture (Knapp 2006; Steffens 2011; Gaworecki 2012), we
examined muscle sections for changes in fiber density and size distribution. Other tissues
were not examined in this current study because of our focus was specifically on muscle
development. There were no observable differences between the control and arsenic
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exposed fish in regards to eating or daily behavior. Individual fish appeared healthy and
the only observable differences towards the end of the study were change in size.
Stained hematoxylin and eosin cross sections show no overt differences between
any of the groups and each individual mature muscle cell/muscle fiber can be seen
(Figure 4A). No notable changes in nuclei placement are observed. Each muscle fiber is
surrounded by endomysium holding the individual fiber intact and perimysium holding
bundles of fibers intact. There are no observable differences in either the connective
tissue of the endomysium or perimysium between treatments. There is some adipose
tissue present in samples but it is not abnormal in that portion of the tissue. We could see
no observable differences between the notochord or neural crest regions in the sections
either. The separation between muscle fibers as well as the spaces between the
surrounding superficial connective tissue is contributed to be an artifact of processing
from the soft paraffin and is consistent across treatments.
We analyzed the diameter and density of the muscle fibers, since, in the pilot
juvenile-only exposure study, the number of small diameter muscle fibers relative to
larger ones was significantly increased in 5,000 ppb arsenic-exposed juveniles at 4 weeks
of age (data not shown). As in the pilot study, after 4 weeks of embryonic exposure or
continuous exposure at 5000 ppb, the proportion of fiber diameter significantly shifted in
the arsenite exposure such that there were fewer larger fibers (Figure 5C). This was true
for both the continuous exposure group and the embryonic-only exposure group, such
that fibers >10 µm made up 0.8% in the control group, but only 0.04% and 0.5% in the
embryonic and continuous exposure groups, respectively (Figure 5A).
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At 8 weeks of development, this same trend was seen as well with a significant
shift towards smaller fiber sizes. This was true for both the 5000 ppb continuous
exposure group and the embryonic-only exposure group, such that fibers >6 µm made up
4.0% in the control group, but only 0.9% and 0.5% in the embryonic-only and continuous
exposure groups, respectively (Figure 6C). Similarly, even at 800ppb, there was also a
significant shift towards smaller fiber sizes in the arsenite-exposed fish, such that fibers
>6 µm made up 4.0% in the control group, but only 0.8% and 0% in the embryonic-only
and continuous exposure groups, respectively (Figure 6A).
The 16 week continuous exposure groups again significant shifted towards a
greater percentage of smaller fibers in both the embryonic-only and continuous exposure,
however this was only true for the 5000 ppb group (Figure 7C). At 5000 ppb, fibers >10
µm made up 1.69% in the control group, but only 0.09% and 0.00% in the embryoniconly and continuous exposure groups, respectively. However, the embryonic-only
exposures at 800 and 2000 ppb appeared to recover to normal fiber size when compared
to controls (Figure 7A and B).
Muscle density was also measured simultaneously with fiber diameter. On
average, 993 muscle fibers were counted per fish in the 4 week group, 1572 fibers per
fish in the 8 week group, and 2157 fibers counted per fish in the 16 week group. Similar
to pilot studies, there was no significant change in muscle fiber density at 4 weeks of
juvenile development (Figure 8A). However at beginning at 8 weeks there was a
significant decrease in muscle fiber density for both the embryonic only and the
continuous exposure groups. At 8 weeks, the density was significantly decreased by 17%
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to 35% in both embryonic-only and continuous exposure groups (Figure 8B), while at 16
weeks, the density was significantly decreased between 14% and 28% (Figure 8C).
However, there were no significant differences in densities between embryonic-only and
continuous exposure groups at the same concentrations. These results suggest that fiber
number is altered during embryogenesis, and that continued exposure during the juvenile
period has no effect on the total number of muscle fibers formed.

Arsenic decreases swimming activity in continuously-exposed juveniles
To examine the potential functional consequences of a shift towards smaller
muscle fiber diameters, swimming activity was determined by counting the number of
passes over a fixed area. There were no observable differences in swimming activity
between the controls and arsenite-exposed fish at 4 or 8 weeks (data not shown).
However, at 16 weeks, the juveniles in the 5000 ppb arsenic continuous exposure group
showed a significant decrease by 72% in swimming activity when compared to controls
(Figure 9).

DISCUSSION
Effects of Arsenic on Offspring Size
Significant reductions in both weight and length of juveniles were seen in
concentrations as low as 800 ppb arsenic. These reductions were seen in both embryonic
exposure-only groups as well as the continuously exposed groups, and persisted through
16 weeks of juvenile development. At this concentration of arsenic, delays in hatching
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and mortality were also seen as well and increased in a dose dependent manner. Delays in
hatching were not initially seen in the pilot study possibly because of a smaller samples
size. Similarly, in zebrafish, arsenic exposure of 0.5-5 mM has resulted in delayed
hatching, reduced growth, abnormal morphology of the neural and cardiac systems,
slowed developmental growth, and mortality (Li 2008). It appears that arsenic exposure
does have a significant negative effect on offspring weight, length, and mortality, which
persists throughout juvenile growth. The findings of this study may help explain the
mechanism by which arsenic reduces birth weight and weight gain during early
childhood, and affects locomotion.

Effects of Arsenic on Muscle Development
Arsenic has been known to affect muscle formation because it appears to suppress
the expression of myogenin, the transcription factor needed for myogenic differentiation
(Yen 2010; Steffens 2011). This arsenite-induced reduction in myogenin leads to
reduction in myotube formation. Microarray data of embryonically-exposed killifish
hatchlings shows alterations in gene transcription of troponin, capping protein Z, and the
sarcoplasmic reticulum calcium-transporting ATPase pump (Gaworecki 2012). Other
studies have also shown that muscle-related gene expression changes are a common
affect of arsenic exposure ultimately resulting in altered muscle formation (Lencinas
2010). Previously, our lab has shown that killifish hatchlings exposed embryonically to
25 ppm arsenite had a reduction in large diameter muscle fibers (Gaworecki 2012).
However, no difference was seen at 5 ppm or 15 ppm. In this current study, we do see
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diameter distribution differences at 5 ppm at from 4 to 16 weeks of development. This
could be to the time and dose differences of the study and the fact that killifish were
collected as juveniles and not hatchlings.
Our findings show that arsenite exposure significantly increases the number of
muscle fibers with small diameters sizes and decreases muscle fiber density.
Embryonic exposure appears to be a very critical time for muscle development since the
embryonic-only exposure groups showed some of the same defects, such as reduction in
the number of large muscle fibers, as the continuously exposed groups. The changes seen
in the musculature formation and function in the embryonic only exposed groups
persisted throughout development until 16 weeks. At 16 weeks of development it seems
that the embryonic-only exposure groups at 800 ppb and 2000 ppb were able to catch up
to control groups and had the same size distribution of muscle fibers. However, there
were still some significant differences in muscle fiber size at 16 weeks of development
for the 5000 ppb embryonic-only exposure groups. By doing an embryonic, juvenile, and
continuous embryonic and juvenile exposure we are able to see that muscle defects seen
in hatchlings persist during growth. The continuous exposure showed us that arsenic
altered muscle development continues for both the embryonic and juvenile exposed
groups through 16 weeks of development. Changes in the musculature seen in hatchlings
did not resolve immediately and showed some effect for the unexposed juvenile groups
up until 8 weeks and was even worsened for the continuously exposed juvenile groups.
This indicates that embryonic exposure is a very critical time for developmental effects
due to arsenic exposure and the fish might not be capable of catching up for a significant
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amount of time. Similarly, other studies on animals including pigs have shown that there
is an increase in the number of slow muscle fibers of animals with low birth weights
(Handel 1987). The decreased body size of arsenic exposed infants could be a result of
reduced muscle development and the shift to smaller muscle fiber size.
In summary, these results indicated that a continuous arsenic exposure regime
typical to that of a human exposure has significant effects on weight and lengths of
offspring as well as negatively alters musculature formation. Additional studies should be
performed to see if concentrations of arsenic lower than 800 ppb show these same effects.
This study indicates that arsenic exposure appears to lead to aberrant muscle formation,
which could be a mechanism by which arsenic reduces body weight. The results from this
study also indicate that embryogenesis is a very critical time period for low
concentrations of arsenic exposure and may have lasting effects throughout the growth of
offspring.
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Table 1: Weight, and length measurements from a 4 week pilot study. The pilot study
was a juvenile-only exposure with arsenic concentrations ranging from 0-5000 ppb.
Juveniles were collected at two time points for weight and length measurements.

2 Weeks
Arsenic
Concentration
(ppb)
0
100
250
500
750
1500
3000
5000

4 Weeks

Length
(mm)

Weight
(mg)

Length (mm)

Weight
(mg)

Mortality
(%)

21.3 ± 4.4
21.6 ± 4.4
20.2 ± 3.6
20.5 ± 5.9
20.5 ± 6.3
20.0 ± 1.9
18.0 ± 5.1
18.9 ± 5.7

11.7 ± 1.2
11.4 ± 0.9
11.3 ± 1.0
11.4 ± 0.89
11.9 ± 1.2
11.9 ± 1.6
11.1 ± 0.7
11.7 ± 0.7

49.7 ± 18.1
48.3 ± 28.2
42.8 ± 10.7
44.6 ± 18.5
40.8 ± 11.7 *
42.7 ± 13.3
39.8 ± 18.4*
40.2 ± 14.3 *

16.9 ± 1.4
15.9 ± 2.5
15.8 ± 1.5 *
15.4 ± 2.0 *
15.4 ± 1.2 *
15.5 ± 1.8 *
15.1 ± 2.0 *
15.2 ± 1.7 *

0±1
0±1
1±2
1±2
0±0
1±1
0±0
1±1

Data are the average ± standard deviation (n =7).
*Statistical significance was determined using ANOVA followed by Tukey’s (p<0.05).
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FIGURE LEGENDS
Figure 1: Embryonic hatching rate and cumulative mortality. A) Embryos (~200 per
dish; n=7) were exposed to 0-5000 ppb arsenic as sodium arsenite and the number of
hatches in each dish was observed and recorded three times a day. B.) Percentage
mortality was calculated over the entire 16 weeks of the study. Statistical significance
compared to control (*) and compared to embryonic-only exposure (#) was determined
using ANOVA followed by Tukey’s post-hoc test (p<0.05).

Figure 2: Both embryonic-only and continuous arsenic exposure reduce the weight and
length of the juveniles. Fish were collected at time points from 0-16 weeks, and length
and weight were recorded (n=7). White bars represent control fish, grey bars represent
embryonic-only exposed fish, and black bars represent continuously exposed fish.
Statistical significance compared to control (*) and compared to embryonic-only
exposure (#) was determined by ANOVA followed by Tukey’s post-hoc test (p<0.05).

Figure 3: Arsenic body burdens in 16 week juveniles after continuous arsenic exposure.
Fish were collected, dried, weighed, and microwave digested to determine arsenic body
burdens. Data are represented as the average arsenic concentration (µg arsenic per gram
wet weight) ± standard deviation. Statistical significances (*) were determined using
ANOVA followed by Tukey’s post-hoc test (p < 0.05).
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Figure 4: Histological sections of 16 week old killifish. Fish were preserved in 4%
paraformaldehyde, embedded in paraffin, cut with a microtome into 5 µm cross-sections
of the trunk directly behind the dorsal fin, and stained with hematoxalin and eosin.
Representative sections for each exposure group at 16 weeks are shown at 2x resolution.

Figure 5: Arsenic exposure reduces muscle fiber diameters at 4 weeks of age. After H&E
staining, Image J software was used to measure fiber diameters in one quadrant of each
fish section. Muscle fiber diameters were counted by dividing the image field into a 90 x
90 pixel grid, and then measuring the diameter of two muscle fibers per grid section. The
size distribution was determined for arsenic concentrations of 800 ppb (A), 2000 ppb (B),
and 5000 ppb (C) (n=7). Statistical significance compared to control (*) and to
embryonic-only exposure only (#) was determined by ANOVA followed by Tukey’s
post-hoc test (p<0.05).

Figure 6: Arsenic exposure reduces muscle fiber diameters at 8 weeks of age. After H&E
staining, Image J software was used to measure fiber diameters in one quadrant of each
fish section. Muscle fiber diameters were counted by dividing the image field into a 90 x
90 pixel grid, and then measuring the diameter of two muscle fibers per grid section. The
size distribution was determined for arsenic concentrations of 800 ppb (A), 2000 ppb (B),
and 5000 ppb (C) (n=7). Statistical significance compared to control (*) and to
embryonic-only exposure only (#) was determined by ANOVA followed by Tukey’s
post-hoc test (p<0.05).
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Figure 7: Arsenic exposure reduces muscle diameters only in the continous exposure
group at 16 weeks of age. After H&E staining, Image J software was used to measure
fiber diameters in one quadrant of each fish section. Muscle fiber diameters were counted
by dividing the image field into a 90 x 90 pixel grid, and then measuring the diameter of
two muscle fibers per grid section. The size distribution was determined for arsenic
concentrations of 800 ppb (A), 2000 ppb (B), and 5000 ppb (C) (n=7). Statistical
significance compared to control (*) and to embryonic-only exposure only (#) was
determined by ANOVA followed by Tukey’s post-hoc test (p<0.05).

Figure 8: Arsenic exposure reduces muscle fiber density during juvenile development.
After H&E staining, Image J software was used to count muscle fiber density in one
quadrant of each section. The total number of individual fibers in the section were
counted and divided by the muscle area to determine density at 4 weeks (A), 8 weeks (B),
and 16 weeks (C) of juvenile development (n=7). Statistical significance compared to
control (*) and to embryonic-only exposure only (#) was determined by ANOVA
followed by Tukey’s test (p<0.05).

Figure 9: Continuous arsenic exposure reduces swimming activity. Individual fish at 16
weeks of age were video recorded swimming over a grid in 3 separate trials of 1 minute
each. The number of grid crossings were recorded and counted to determine changes in
swimming activity. Data are the average ± standard deviation (n=7). Statistical
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significance compared to control (*) and to embryonic-only exposure only (#) was
determined by ANOVA followed by Tukey’s (p<0.05).
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OVERALL DISCUSSION
The results of this study show that low concentrations of arsenic exposure can
decrease the overall body size of juveniles and alter muscle fiber formation. Most
notably, concentrations as low as 800 ppb of arsenic were found to significantly reduce
muscle fiber size in both embryonic-only exposed juveniles and continuously exposed
juveniles. This data may help to explain the way in which arsenic decreases birth weight
and negatively affects locomotion.
Since our results show significant reductions in offspring growth, as well as
altered muscle formation, at an 800 ppb arsenic exposure, the EPA and WHO acceptable
limit of 10 ppb arsenic in drinking water may need to be reexamined. Originally in 2000,
the EPA proposed to revise the existing NPDWR to a Maximum Concentration Level of
5 ppb from 50 ppb, which was set in 1975. At this time, the EPA also requested
comments on options of 3 ppb, 10 ppb, and 20 ppb. The final arsenic standard, which is
based on total arsenic levels, was amended to 10 ppb in 2001 and became enforceable in
2006 (EPA 2012). The majority of data used to determine this acceptable limit was
related to cancer concerns, as the National Academy of Sciences and the National
Drinking Water Advisory Council collected data which showed that long-term arsenic
exposure was linked to bladder, lungs, skin, kidney, nasal passages, liver, and prostate
cancers (Kapaj 2006). Indeed, statistically significant increases in skin, liver, lung,
kidney, and bladder cancer were seen in adults at 170-800 ppb in large population studies
in Taiwan (Smith 2005). In this study it was estimated that the risk of dying from one of
these types of cancers when drinking 1L/day of concentrations between 170-800 ppb was
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13 per 1000 people. It was also estimated that about 350,000 people in the United States
were being supplied with water above 50 ppb and above 2.5 million people were being
supplied with water above 25 ppb (Smith 2005). However, more recent research has
shown that fetal loss, premature birth, and reductions in birth weight can occur in humans
exposed to concentrations of arsenic between 10-50 (Kapaj 2006; Hopenhayn 2003).
When deriving drinking water standards, regulatory agencies take data, such as
the potential health risks and the frequency and level of the contaminant in public
drinking water, and then use safety factors that divide the concentration at which negative
physiological effects were seen by at least 10, to account for uncertainties in research.
Then, another safety factor of 10 is typically added to account for species differences in
extrapolating from a laboratory rat or mouse to a human. However, others suggest that a
safety factor of 100 should be used for fish experiments to account for a greater
difference between the two species. It has been suggested that extra protection might
need to be added for individuals who are highly susceptible to the toxic effects of
chemicals, such as pregnant women (ATSDR 2007).
Following these recommendations, since we are seeing significant reduction in
growth and altered muscle development at 800 ppb arsenic exposure, a safety factor or 10
would put the acceptable limit in drinking water at 80 ppb. If we are to consider the
potential effects on pregnant women and that this experiment was done in fish and
therefore use a safety factor of 100, the acceptable limit in drinking water should be 0.8
ppb, an order of magnitude lower than the current acceptable limit. Kapaj (2006) found
that increases in fetal loss, premature birth, and decreased birth weights occurred at
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arsenic levels as low as 10 ppb. In an epidemiological study conducted by Hopenhayn
(2003), pregnancy complications, decreased birth weights, premature deliveries, and fetus
abnormalities were reported in women with chronic arsenic exposure of less that 50 ppb
which suggest that arsenic may be disrupting the development of the fetus in utero. Since
safety factors should be deliberately conservative, especially when taking into account
the potential effects on future offspring and juvenile development, these epidemiological
studies also suggest that the current 10 ppb drinking water standard may not be low
enough. Currently, Canada and Australia are proposing lowering the acceptable limit of
arsenic in drinking water to 5 ppb and 7 ppb, respectively (Kapaj 2006). Thus, the impact
of the study suggests that the effects of low concentrations of arsenic on development
may have a mechanistic basis in altering muscle formation, and that the acceptable limit
in drinking water should be reexamined.
The exact mechanism that causes arsenic damage to muscles is unknown. We do
know that cells take up arsenic through active transport systems that are normally used to
uptake phosphates, and biomethylation is the preferred method of arsenic detoxification
in cells (Eisler 1998). It has been well studied that heavy metals activate energy costly
detoxification process. Therefore, in growing offspring, there is less energy available for
muscle growth and development (Jezierska 2009).
The current study shows that embryogenesis is a very critical time for arsenic
exposure and that changes during this period last throughout growth. Arsenic could be
having an epigenetic effect on muscle growth. One example of this has already been
studied using C2C12 mouse myoblast cells. Steffens (2011) found that sodium arsenite
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delays the differentiation of the myoblast cells by altering methylation patterns on the
myogenin promoter very early in development. Epigenetic changes due to arsenic have
also been seen in histone modifications. Hong (2012) used C2C12 cells exposed to 20nM
arsenic and found increased H3K9 dimethylation (H3K9me2) and H3K9 trimethylation
(H3K9me3) by 3-fold near the transcription start site of myogenin. This suggests an
increase in repression of the myogenin gene. In this study H3K9 acetylation (H3K9Ac)
was reduced by 0.5-fold as well, which suggests a reduced permissive mark. Protein
expression of the H3-K9 methyltransferase Glp, Ezh2, and Dnmt3a was increased by 1.6,
3.3, and 2 fold respectively in the arsenic exposed cells. Together this data suggested that
the repression of myogenin in response to arsenic could be due to altered histone
remodeling of the promoter region.
Hong (2012) showed that arsenic exposure ranging from 0.1-1.0 µM in P19
mouse stem cells can suppress differentiation of the cells into muscle, as shown by
morphological changes and reductions in myosin heavy chain. qPCR,
immunofluorescence, and immunoblotting confirmed that Pax3, Myf5, MyoD, and
myogenin were all repressed in the arsenic exposed cells leading to the altered
differentiation. This study also found that the Wnt/B-catenin signalling pathway in early
embryogenesis was reduced which could lead to the reductions in Pax3, Myf5, MyoD,
and myogenin.
Another key gene that could be affected by arsenic is sonic hedgehog (Shh). Shh
has a wide variety of roles in development, and studies using zebrafish with a knockout
of Shh found that these fish do not recruit new slow muscle fibers but hypertrophy of

50

existing fibers continues throughout life (Blagden 1997). However, fast muscle
development was unaffected suggesting the patterning of each type of fiber is controlled
by different signaling pathways and/or levels of transcriptions factors MYoD and Myf5
(Johnson 1999). Another signaling molecule essential to slow muscle fiber development
is Wnt11. Wnt11 is important in vertebrate myotome patterning and is produced by
adaxially derived embryonic slow fibers (Makita 1998).
Satellite cells may also likely be targeted by arsenic, which would affect muscle
growth later in life. We see smaller numbers of muscle fibers later in development as
well as the decrease in muscle fiber size suggesting that arsenic is impairing the growth
of new muscle fibers. Muscle regeneration has been seen in mice treated with low
concentrations of arsenic to be suppressed along with myogenin expression and Akt
phosphorylation (Yen 2010). The shift towards smaller muscle fiber diameter in
response to arsenic exposure, and therefore a shift in the type of fibers, could change the
overall properties of the muscle. Since adult mammalian skeletal muscle is composed of a
mix of myofiber types (slow contacting/fatigue resistant and fast contracting/non-fatigue
resistant) of different properties a change in the proportion of these could affect the entire
muscle (Charge 2003). It is important to link the decrease in muscle fiber size seen in the
current study to a change in actual muscle fiber subtype. This is currently being examined
through immunohistochemistry. The antibodies tested to date are listed in Appendix
Table 1. So far, the Developmental Studies Hybridoma Bank (DSHB) antibody F310 has
worked best for fast myosin muscle isoforms and DSHB antibody S58 has worked best
for slow/all myosin muscle isoforms. Antibody F310 has been previously tested in
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chicken, quail, mouse, rat, zebrafish and multiple other species, and is known to
recognize fast muscle isoforms (DSHB 2012; Elworthy 2008; ZFIN 2012). In our
samples, it appears that antibody F310 is recognizing fast isoforms only the location of
the staining is consistent with literature reports of where fast muscle fibers should be in
fish (Appendix Figure 3). Antibody S58 is known to recognize avian slow myosin heavy
chain 2 and 3 and slow muscle fibers in zebrafish and has been tested in chicken, and
zebrafish (DSHB 2012; Miller 1985; ZFIN 2012). However in our paraffin sections of
killifish S58 seems to recognize all forms of myosin because all muscle fibers express
color compared to controls (Appendix Figure 4). Double staining was also attempted for
F310 and S58 (Appendix Figure 6), but does not seem to work because of inconsistent
staining across sections possibly due to the fixation process of the tissue.
We tested several other antibodies, including MF20, EB165, and F59. Antibody
MF20 was found to labels both fast and slow sarcomeric MHCs in zebrafish (Barresi
2001; DSHB 2012; ZFIN 2012). On our sections of killifish, it appeared to label both fast
and slow, however, staining was concentrated around the outside of the fiber instead of
being distributed evenly throughout (Appendix Figure 5). Staining was also inconsistent
across sections. Antibody EB165 has previously been used in zebrafish, chicken and
Xenopus samples and was found to stain both embryonic and adult fast myosin heavy
chain (Blagden 1997; Cerny 1987; DSHB 2012; ZFIN 2012). However, in our hands, it
appeared to not recognize any muscle isoform and no expression was seen compared to
controls (Appendix Figure 2). Antibody F59 has been used in chicken, quail, zebrafish,
mouse, rat, frog, shark, rabbit, and human, and was found to recognize all avian fast
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isoforms of myosin heavy chain and adaxial muscle cells in zebrafish (DSHB 2012;
Miller 1985). On our sections, this antibody was not evenly distributed throughout the
fiber and inconsistent across sections (Appendix Figure 1). This antibody was found to
work well on ethanol-fixed tissues but less well on aldehyde-fixed tissues such as our
sample (DSHB 2012). Staining difficulties could be attributed to the sections being
prepared in paraffin instead of frozen sections, as well as not recognizing killifishspecific isoforms. Current immunohistochemistry studies are being performed to compare
F310 and S58 staining in arsenic exposed samples compared to controls.
Since arsenic toxicity is hard to study over long periods of time in a human
population, using killifish may be an alternative in vivo model for testing arsenic’s
negative effects on development. Previously, our laboratory has shown that killifish
offspring whose parents were exposed to arsenic had upregulated expression of genes
important in the formation of muscle, including tropomyosin and myosin light chain II
(Gonzalez 2006). Arsenic exposure during embryogenesis at concentrations of 25 ppm
have also been shown to cause an increase in small muscle fiber numbers in the offspring
who were grown out to 7 months of age (Gaworecki 2012). In our current study,
reductions in the size of juveniles were seen in concentrations of 800 ppb arsenic. These
results suggest that embryonic exposure is a very critical time for muscle development.
This is supported by our finding that the embryonic only exposure groups showed some
of the same defects, including reductions in length, weight and large muscle fiber size, as
the continuously exposed groups. Arsenic exposure of the embryo and during early
juvenile development can have a significant effect on offspring size and musculature that
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persists throughout development. These changes could be important in offspring fitness.
It was seen that in the continuous exposure groups at 16 weeks and 5000 ppb there was a
significant decrease in swimming activity of the offspring. Therefore, these changes in
body size and the musculature do lead to a physiological change, which could decrease
the overall fitness of individual offspring. These results also show us that killifish can
easily be used to study arsenic toxicity in terms of measuring low birth weight and
musculature changes.
In summary, these results indicated that a continuous arsenic exposure regime
typical to that of a human exposure has significant effects on weight and lengths of
offspring as well as negatively alters musculature formation. Additional studies at lower
concentrations should be conducted. Continuous arsenic exposures should be conducted
and taken out longed into adulthood to see if these negative effects still affect the
embryonic only exposure groups. If we do find negative affects in birth weight and
musculature formation the current safe arsenic limits might need to be adjusted. This
study indicates that arsenic exposure appears to lead to aberrant muscle formation, which
could be a mechanism by which arsenic reduces body weight. The results from this study
indicate that embryogenesis is a very critical time period for low concentrations of
arsenic exposure and may have lasting effects throughout the growth of offspring.
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APPENDIX
Using immunohistochemical analysis to test whether arsenite alters muscle fiber
subtype
Immunohistochemistry was performed to determine whether commerciallyavailable antibodies could detect both fast and slow isoforms of killifish myosin heavy
chain (MHC). Originally we had planned on double staining the same section to detect
both fast and slow MHC proteins using two different color fluorophores. We were then
going to use ImageJ software to quantify potential arsenic-induced changes in the
localization and margins of deep fast muscle tissue compared to the slow superficial
muscle layer.
Our primary antibodies were chosen from the Developmental Studies Hybridoma
Bank (DSHB) and have been previously used to detect total, slow, or fast MHC
specifically in zebrafish. All primary antibodies were tested for optimal conditions in
two different antigen retrieval buffers of pH 6 and pH 9, using both microwave antigen
retrieval as well as steam antigen retrieval. Secondary antibodies were tested with
multiple fluorophore colors. Appendix Table 1 lists the primary antibodies tested and
indicates whether they might be suitable for use in killifish. Appendix Figures 1-7 show
representative immunohistochemical images, although not all tested antibody images are
shown for all pH/retrieval methods tested.
We have had difficulties of finding an antibody that would work in killifish
opposed to zebrafish, mammalian, avian or amphibian samples (Appendix Table 1). Also
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hindering our ability to detect specific MHC isoforms is because our samples were
embedded in paraffin rather than using frozen mounted sections.
The F310 and S58 work well, although S58 recognizes both slow and fast MHC
proteins, while F310 recognizes only fast MHC proteins. We have been unsuccessful in
finding commercially-available antibodies that recognize only slow MHC subtypes in
killifish. In the future, we plan on using the F310 and S58 antibodies to compare total
MHC versus fast MHC in the arsenic-exposed fish.

Methods
Muscle fiber subtype. Paraffin tissue sections, as prepared as described in methods
section, were used for immunohistochemical detection of myosin heavy chain, which
would indicate whether a muscle fiber was a fast- or slow-twitch fiber. Briefly, sections
were stepwise hydrated from ethanol to dH20 and then subjected to steam or microwave
heat antigen retrieval (pH 6 or 9 buffer). Slides were blocked in Vectastain ABC
blocking solutions (Vector, Burlingame, CA) for 20 minutes and rinsed in PBS. Sections
were incubated with monoclonal antibodies against fast or slow muscle myosin (1/20
dilution) for 1 hour. After rinsing 3 times in PBS, tissues were then incubated for 30
minutes to (1/20 dilution) before being counterstained with DAPI. All incubations were
carried out in a humidifying chamber at room temperature. Images were captured
immediately after staining was complete using an epi-fluorescent microscope (CRI). The
results are summarized in Table 1.
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Table 1
Primary

Secondary

Myosin Heavy Chain

Antibody name

Antibody

Subtype

F59

IgG

Fast

Findings

Color concentrated around fiber and not evenly
distributed, inconsistent
EB165

IgG

Fast

No color

F310

IgG

Fast

Works well, will pursue further

S58

IgG

Slow

Works well, will pursue further

MF20

IgA

All

Color concentrated around fiber and not evenly
distributed, inconsistent
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Figure 1: F59 Antibody
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Figure 2: EB165 Antibody
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Figure 3: F310 Antibody A) Green fluorophore B) Alexa Fluor Red
fluorophore
A.)

B.)
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Figure 4: S58 Antibody
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Figure 5: MF20 Antibody
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Figure 6: S58 Antibody (Texas red fluorophore) and F310 Antibody (Alexa
Fluor green) Double Stain
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Figure 7: MF20 Antibody (Alexa Fluor green) & S58 Antibody (Texas red)
Double Stain
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